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ABSTRACT: The patterning of gold nanoparticles (GNPs) on the surface of a fluoropolymer substrate by using patterned
surface grafting and layer-by-layer deposition techniques is described. The surface of a poly(tetrafluoroethylene-co-perfluorovinyl
ether) (PFA) substrate was selectively implanted with 150 keV proton ions. Peroxide groups were successfully formed on the
implanted PFA surface, and their concentration depended on the fluence. Acrylic acid was graft polymerized onto the implanted
regions of the PFA substrate, resulting in well-defined patterns of poly(acrylic acid) (PAA) on the PFA substrate. The surface
properties of the PAA-patterned PFA surface, such as chemical compositions, wettability, and morphology, were investigated.
The surface analysis results revealed that PAA was definitely present on the implanted regions of the PFA surface, and the degree
of grafting was dependent on three factors: fluence, grafting time, and monomer concentration. Furthermore, GNP patterns were
generated on the prepared PAA-patterned PFA surface by layer-by-layer deposition of GNPs and poly(diallyldimethyl
ammonium chloride). The multilayers of GNPs were deposited only onto the PAA-grafted regions separated by bare PFA
regions, and the resulting GNP patterns exhibited good electrical conductivity.

KEYWORDS: ion implantation, poly(tetrafluoroethylene-co-perfluorovinyl ether), patterned surface grafting,
poly(acrylic acid) patterns, layer-by-layer deposition, gold nanoparticles, electrical conductivity

■ INTRODUCTION

Owing to the size-dependent properties of metal nano-
particles,1−3 the fabrication of patterned metal nanoparticles
has received a tremendous amount of attention for a variety of
applications in biochemical, electronic, photonic, and magnetic
devices.4−6 Therefore, numerous studies on the patterning of
metal nanoparticles using various techniques have been carried
out on inorganic substrates such as glass, silicon, indium−tin
oxide, and metal.1

The patterning of metal nanoparticles on polymer substrates
has been of great interest over the past decade because polymer
substrates are lightweight, flexible, and lower in cost.7−9 Thus, a
variety of synthetic polymers have been extensively explored as

substrates for patterns of metal nanoparticles.10−13 Among
the se po l ymer s , fluoropo l ymer s such a s po l y -
(tetrafluoroethylene-co-perfluorovinyl ether) (PFA), poly-
(tetrafluoroethylene) (PTFE), poly(tetrafluoroethylene-co-hex-
afluoropropylene) (FEP), and poly(vinylidene fluoride)
(PVDF), have been considered suitable for metal patterning
due to their high thermal stability, superior electric insulation,
and excellent chemical resistance.14−16 However, the use of
these fluoropolymers has been limited in such applications due
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to their much lower surface energy in comparison to other
synthetic polymers. Therefore, fluoropolymers should be
subjected to surface modification for such applications.
Various physiochemical strategies including chemical oxida-

tion treatment, plasma-enhanced chemical deposition coating,
and surface grafting have been developed to modify the surface
of polymer substrates.17−19 Among them, surface grafting has
attracted attention on account of its advantages over other
techniques, such as the ability to tailor the surface energy and
functionality to be appropriate for the next process, covalent
attachment of surface functionality, and tunable incorporation
of tethered chains onto the surface of a polymer substrate with
high density while preserving their chemical nature.20−22

Surface grafting has been performed by means of peroxide
initiators, plasma-enhanced chemical deposition, and irradiation
with UV-light, plasma, and ionizing radiation (ion and electron
beams).23−27 An ion impanation-induced surface grafting is an
effective way to generate functional groups on the surface of a
polymer substrate due to its reliability, controllability,
effectiveness, and eco-friendly nature.28−30 However, the
surface modification of fluoropolymers by ion implantation-
induced surface grafting has not been previously investigated to
form patterns of metal nanoparticles.
Electrostatic layer-by-layer deposition is a convenient and

powerful technique for the construction of multiple-layered
metal nanoparticles on a curved substrate.31−33 It is based on
the sequential adsorption of complementary materials through
electrostatic interaction, hydrogen bonding, and other comple-
mentary interactions. It is typically performed using sequential
dip-coating of a substrate in positively and negatively charged
material solutions.
In this study, the convenient and efficient patterning of gold

nanoparticles (GNPs) on a fluoropolymer substrate through a
combination of ion implantation-induced patterned surface
grafting and layer-by-layer deposition was demonstrated, which
can offer high conductivity without any additional thermal
treatment steps. The surface modification of a fluoropolymer
substrate by ion implantation-induced patterned surface
grafting was investigated under various conditions to establish
resolved functional patterns. Furthermore, the layer-by-layer
deposition of GNPs on a selectively modified PFA substrate
was performed to generate conductive GNP patterns.

■ EXPERIMENTAL SECTION
Materials. PFA films (250 μm thickness, Ashai Glass Co., Ltd.)

were thoroughly washed in a ultrasonic cleaner (Branson Ultrasonic
Corporation, 8510E-DTH) for 20 min and dried in a vacuum oven at
50 °C for 24 h before use. For surface grafting and characterization,
acrylic acid, ammonium iron(II) sulfate hexahydrate ((NH4)2Fe-
(SO4)2, 99%), sulfuric acid (H2SO4, 98%), 1,1-diphenyl-2-picylhydar-
zyl (DPPH), and toluidine blue O supplied by Sigma-Aldrich were
employed. For the synthesis of GNPs, hydrogen tetrachloroaurate
(III) trihydrate (HAuCl4·3H2O, >99.9%, Kojima Chemical Company)
and trisodium citrate (Na3C6H5O7·2H2O, >99%, Sigma-Aldrich) were
used. Poly(diallyldimethyl ammonium chloride) (PDDA, 20% in
water, MW: 100,000−200,000, Sigma-Aldrich) was used as a positively
charged polyelectrolyte. All chemicals were employed as received.
Preparation of PAA-Patterned PFA Substrates by Ion

Implantation-Induced Patterned Surface Grafting. A 300 keV
ion implanter installed at the Advanced Radiation Technology
Institute (ARTI) of the Korea Atomic Energy Research Institute
(KAERI) was utilized in the process of ion implantation. Well-cleaned
PFA substrates were implanted with 150 keV proton ions at room
temperature in the presence or absence of a pattern mask (SUS, 100
μm line and space). The fluence ranged from 5 × 1014 to 1 × 1016

ions/cm2, and a current density lower than 1.0 μA/cm2 was
maintained to suppress an increase in the temperature of the samples.
After the ion implantation, the resulting substrates were kept in air for
24 h.

For surface grafting, the implanted PFA substrates were immersed
in an aqueous 5− 60 vol% acrylic acid solution containing 0.1 wt %
(NH4)2Fe(SO4)2 and 0.2 M H2SO4 in glass vials, sealed with rubber
septa, and finally purged with N2 gas to eliminate the existing oxygen.
(NH4)2Fe(SO4)2 and H2SO4 were utilized for the inhibition of
homopolymerization and for the promotion of grafting, respectively.
The vials were placed in a water bath at a constant temperature of 65
°C for 6−18 h. Afterward, the physically adsorbed homopolymers and
monomers on the substrates were completely removed by water
extraction. The resulting poly(acrylic acid) (PAA)-patterned PFA
substrates were then dried in a vacuum oven at 50 °C at a residual
pressure of 1 × 10−3 mbar for 24 h.

Layer-by-Layer Deposition of GNPs on PAA-Patterned PFA
Substrates. Gold nanoparticles (GNPs) were prepared by the
following procedure reported in the literature.34 Briefly, a 1 mM
HAuCl4·3H2O solution containing 0.012 g of HAuCl4·3H2O in 30 mL
of distilled water was brought to a boil with continuous stirring, and
subsequently 3 mL of 1 wt % aqueous trisodium citrate solution in
distilled water was added. After the color change of the solution from
dark gray to wine red, the reaction was stirred for an additional 15 min
and then allowed to cool to room temperature. The mean diameters of
the prepared GNPs were measured using a dynamic light scattering
spectrometer (DLS, Otsuka Electronics, DLS-8000HL) and found to
be around 14 nm (Figure S1,e Supporting Information).

GNP multilayers were formed on the PAA-patterned PFA
substrates by a layer-by-layer deposition method reported in the
literature.35 Briefly, the prepared PFA substrates were immersed in a 2
wt % PDDA solution in distilled water. After incubation for 30 min,
the resulting substrates were thoroughly washed with distilled water
and dried with nitrogen gas. Next, the substrates were immersed in a
freshly prepared GNP solution for 1 h, rinsed with distilled water, and
then dried. This adsorption cycle of PDDA and GNPs was repeated
from 1 to 14 times to form multilayered patterns of GNPs.

Characterization. The amount of peroxide groups generated on
the PFA surface after ion implantation was measured using a well-
known DPPH method as described in our previous work.36 The
grafting degree of the grafted PAA on the surface of the PFA substrates
was measured using a toluidine blue O staining method as described in
our previous works.36−38 The chemical structure of the samples was
investigated using an attenuated total reflectance Fourier transform
infrared spectroscope (ATR-FT-IR, Varian 640, Australia) equipped
with an ATR PIKE MIRacle accessory containing a ZnSe crystal. The
chemical composition of the control, implanted, and PAA-grafted PFA
surfaces was examined using an X-ray photoelectron spectrometer
(MultiLab 2000, Thermoelectron Corporation, England) with a
monochromatic Mg Kα source, and the Advantage 3.70 program
was applied to deconvolute the C1s XPS spectra. The static contact
angles of the control, implanted, and PAA-grafted PFA surfaces were
measured using a Phoenix 300 contact angle analyzer (Surface Electro
Optics Co., Ltd., Korea). The surface morphology, chemical
composition, and profiles of the PAA-patterned PFA and multilayered
GNP-deposited on the PAA-patterned PFA substrates were inves-
tigated using a field emission scanning electron microscope (FE-SEM,
JEOL JSM-7500F) equipped with an energy dispersive X-ray
spectrometer (EDX), a 3D optical surface profiler (NanoSystem),
and an atomic force microscope (AFM, XE-100, Park System, Korea).
To measure the current−voltage (I−V) characteristic of the GNP
patterns on the PFA substrates, 250 μm wide silver electrodes were
thermally deposited at both edges of the GNP patterns, and the
average distance between them was about 8000 μm. The I−V curves
were obtained using a probe station (MST-4000A) equipped with a
Kiethley 2400 source meter.
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■ RESULTS AND DISCUSSION

Preparation of PAA-Patterned PFA Substrates by Ion
Implantation-Induced Patterned Surface Grafting. Figure
1 shows a schematic illustration of GNP patterning on a PFA
substrate through ion implantation-induced patterned surface
grafting and layer-by-layer deposition. The surface of the PFA
substrate was activated through implantation with accelerated
proton ions in the presence of a pattern mask; thus, peroxide
groups were selectively generated on the PFA surface that can
be used as an initiator for surface grafting. Afterward, the
surface grafting of acrylic acid was carried out on the selectively
activated regions of the PFA surface at an elevated temperature
to generate PAA patterns on the PFA substrate.26,28,29 Finally,
the layer-by-layer deposition of GNPs was carried out on the
PAA-patterned PFA surface to form GNP patterns.
To investigate the optimal conditions for surface grafting, the

surface grafting of acrylic acid on the PFA substrates was
executed under various conditions of fluence, monomer
concentration, and grafting reaction time. First, the peroxide
concentrations of the implanted PFA surfaces at various
fluences are shown in Figure 2a. The concentration of the
formed peroxide groups was highest at the fluence of 1 × 1015

ions/cm2. This result implies that peroxide groups were
successfully formed on the implanted surface at lower fluences
due to oxidation after ion implantation; however, at higher
fluences over 1 × 1015 ions/cm2, carbonization prevailed,
resulting in a reduced peroxide concentration.28,29,39

Figure 2b shows the dependence of grafting degree on the
fluence. The changes in the grafting degree in relation to
fluence showed a similar tendency to that of peroxide

concentration, as mentioned above. The highest grafting
degree, 77.3 μg/cm2, was obtained on the PFA implanted at
a fluence of 1 × 1015 ions/cm2, which exhibited the highest
concentration of peroxide groups. This result can be attributed
to the dependence of grafting degree on the peroxide
concentration.28,29,39

Figure S2a of the Supporting Information shows the
dependence of grafting degree on the concentration of acrylic
acid. The grafting degree typically exhibited an increasing
tendency as the acrylic acid concentration increased. The
grafting degree increased to 89.5 μg/cm2 with increasing
concentration of acrylic acid. However, at a concentration of
more than 40 vol%, the grafting was not well controlled, which
resulted in an uneven PAA-grafted PFA substrate as presented
in Figure S3 of the Supporting Information.
The change in the grafting degree with grafting reaction time

is also shown in Figure S2b of the Supporting Information. The
grafting degree initially increased with an increase in the
reaction time and then leveled off with reaction times over 12 h.
An explanation for this result can be given as follows.29 As the
reaction time increased to 12 h, the radical initiation for grafting
brought about by the thermal decomposition of the formed
peroxide groups on the implanted PFA surface prevailed,
leading to an increase in the grafting degree. On the other hand,
in the case of a reaction time of over 12 h, the grafting degree
did not increase further owing to the depletion of all the
peroxide groups formed on the PFA surface and the monomers
for polymerization. On the basis of these results, the fluence,
acrylic acid concentration, and reaction time for the optimal
surface grafting in this study was 1 × 1015 ions/cm2, 40 vol%,
and 12 h, respectively.

Figure 1. Schematic illustration of GNP patterning on a PFA substrate via ion implantation-induced patterned surface grafting and layer-by-layer
deposition.

Figure 2. Peroxide concentration (a) and surface density of carboxylic acid groups (b) as a function of the fluence.
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ATR-FT-IR analysis was employed to investigate the
chemical structure of the PFA surface after the implantation
and surface grafting, and the results are presented in Figure 3.

The PFA implanted at a fluence of 1 × 1015 ions/cm2 and PAA-
grafted PFA with a grafting degree of 77.3 μg/cm2 were used
for this analysis. As shown in Figure 3a, the characteristic peaks
for the control PFA appeared at 1207 and 1142 cm−1 assigned
to the stretching vibration of CF in the CF2 group and at 1000
cm−1 assigned to the stretching vibration of CO in the alkoxy
vinyl ether, respectively.40 As shown in Figure 3b, the FT-IR
spectrum of the implanted PFA was very similar to that of the
control PFA. On the other hand, for the PAA-grafted PFA in
Figure 3c, the main characteristic peaks for the COOH and
CH2 groups of the PAA were clearly observed at 3028, 2920,
and 1700 cm−1, respectively.41 This result indicates that PAA
was definitely present on the implanted PFA surface.
The chemical changes in the PFA surface caused by ion

implantation and surface grafting were further investigated by
an XPS analysis, and the results are shown in Figures S4 and S5
of the Supporting Information. Figure S4 of the Supporting
Information represents the C1s core-level spectra of the control
and implanted PFA substrates at the different fluences of 5 ×
1014, 1 × 1015, 5 × 1015, and 1 × 1016 ions/cm2. The Cls
spectrum of the control PFA substrate in Figure S4a of the
Supporting Information shows the characteristic peaks at 293.2
(CF3), 292.1 (CF2), 286.5 (C−O), and 285.0 eV (C−C).15,29
In the case of the implanted PFA substrates, new generation of
the (CO)−O peak and dramatic changes in the intensities of
the existing peaks are shown in Figure S4b−e of the Supporting
Information. These changes can be ascribed to the oxidation
and defluorination induced by ion implantation. As shown in
Figure S5b−e of the Supporting Information, in the case of the
PAA-grafted PFA substrates, the chemical bonds existing in the
spectra of the implanted PFA almost disappeared, and the
characteristic peaks for the C−C and COOH of PAA were
newly observed at 285, 286.5, and 289.1 eV.15,29 In comparison
to that of the implanted PFA, the intensity of CF2 peaks was
significantly reduced in the C1s spectra of the PAA-grafted PFA
substrate prepared at the same fluence. Moreover, when
compared to that of the implanted PFA at the same fluence, the
[O]/[C] atomic ratio of the PAA-grafted PFA was remarkably
elevated, whereas its [F]/[C] atomic ratio was noticeably
reduced as shown in Figure 4. Accordingly, PAA was definitely
present on the implanted PFA surface.
To clarify the influence of ion implantation and surface

grafting on the wettability of the PFA, a water contact angle
measurement was carried out (Figures S6, Supporting
Information). Compared to the control PFA with a contact

angle of 105°, the contact angle of the implanted PFA was
reduced to 86° with increasing fluence. In the case of the PAA-
grafted PFA substrates, the contact angles were further reduced
to 42° and depended on the grafting degree, which was higher
than PAA with the contact angle of around 5°.42 This result
indicates that the effective ion implantation-induced surface
grafting of hydrophilic acrylic acid brought about noticeable
enhancement of the wettability of the PFA surface.
Figure 5 shows the FE-SEM image, 3D surface profile, and

EDX spectrum of the PAA-patterned PFA substrate prepared

under optimized conditions. As shown in Figure 5a, well-
defined 100 μm PAA patterns were clearly formed on the
surface of a PFA substrate. As shown in the inset of Figure 5a,
the thickness of the formed PAA patterns measured by a 3D
optical surface profile analysis was 2.80 μm, and their width
matched well with the results of the FE-SEM observation.
Furthermore, as shown in Figure 5c, the EDX spectrum of the
space region between the PAA-grafted regions exhibited only
two elemental peaks corresponding to carbon (C) and fluorine
(F) of the control PFA substrate, indicating that surface grafting
did not occur on the nonimplanted regions. On the other hand,
the EDX spectrum of the PAA-grafted regions in Figure 5b
showed a new elemental peak for oxygen (O) in addition to the
C and F peaks that are assigned to the characteristic elemental
constituent of PAA. This result confirmed that PAA was
present only on the implanted regions of the PFA surface.
Thus, all of the PAA-patterned PFA substrates to further form
GNP patterns through a layer-by-layer deposition were
prepared under the above-mentioned optimized surface grafting
condition.

Patterning of GNPs on the PFA Substrate by Layer-
by-layer Deposition. The changes in the surface morphology
of the PAA-patterned PFA substrate with the sequential layer-
by-layer deposition of PDDA and GNPs were observed by FE-

Figure 3. FTIR-ATR spectra of the control (a), implanted (b), and
PAA-grafted PFA (c) films.

Figure 4. [O]/[C] and [F]/[C] ratios of the implanted (a) and PAA-
grafted (b) PFA substrates obtained by XPS analysis as a function of
the fluence.

Figure 5. FE-SEM image of PAA-patterned PFA substrate and its
corresponding EDX spectra ((b) and (c)) of the rectangles in (a). The
inset of (a) shows 3D surface profile of the PAA-patterned PFA
surface.
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SEM, and the results are shown in Figure S7 of the Supporting
Information. As shown in Figure S7b−h of the Supporting
Information, all of the sequential layer-by-layer deposition of
PDDA and GNPs successfully occurred only on the hydrophilic
PAA regions separated by bare PFA regions by electrostatic
interactions. As shown in the inset of Figure S7b of the
Supporting Information, the surface of the PDDA-deposited
PAA was much smoother than that of the original PAA. As
shown in the inset of Figure S7c of the Supporting Information,
the surface of the sequentially deposited GNPs and PDDA
((GNPs/PDDA)1) on the PAA is much rougher than that of
the PDDA-deposited PAA due to the introduction of spherical
GNPs. As shown in the insets of Figure S7d−h of the
Supporting Information, the deposited GNPs became denser
with increasing numbers of GNPs and PDDA layers.
To further measure the thickness of the formed GNP

multilayers on the PAA-patterned PFA substrate with
sequential layer-by-layer deposition of PDDA and GNPs, an
AFM analysis was carried out, and the results are shown in
Figure 6. As shown in Figure 6b and c, the one-layer thickness
of GNPs and PDDA ((GNPs/PDDA)1) on the PAA was 150
nm, which approximately consisted of 60 nm thick GNPs and
90 nm thick PDDA layers. As shown in Figure 6d−g, in the
case of more than two sequential layer-by-layer depositions of
GNPs and PDDA, a 130 nm thickness of GNPs/PDDA was
also equally deposited, which approximately consisted of a 50
nm thick GNP layer and an 80 nm thick PDDA layer. The
difference in thickness between the initial layer and later layers
of GNPs and PDDA could be ascribed to the fact that the
presence of dense PAA in the patterns could generate the
thicker deposition of the initial PDDA layer capable of the
higher deposition of the GNPs in comparison to those of the
later layers of GNPs and PDDA.43,44 Therefore, the thickness
of the 14 layers of GNPs and PDDA ((GNPs/PDDA)14) was
around 1860 nm.

To verify the formation of GNP patterns on the PFA
substrate, the (GNPs/PDDA)14 layer-deposited GNP patterns
formed on PAA-patterned PFA substrate was analyzed by using
FE-SEM equipped with EDA and 3D surface profiler (Figure
7). As shown in Figure 7a, well-defined 100 μm patterns of

(GNPs/PDDA)14 layer-deposited PAA were resolved on the
PAA-patterned PFA substrate. As shown in the inset of Figure
7a, the thickness of the formed GNP patterns measured by a
3D optical surface profile analysis was 4.63 μm, and their width
matched well with the results of the FE-SEM observation. In
addition, as shown in Figure 7c, the EDX spectrum of the space
regions between the GNP patterns exhibited two peaks for
carbon (C) and fluorine (F) assigned to the elemental
constituents of the PFA, indicating that the layer-by-layer
deposition of GNPs and PDDA did not occur on the PAA-
absent bare PFA regions. On the other hand, as shown in
Figure 7b, two peaks for oxygen (O) and gold (Au) in addition
to the C and F elements were newly identified in the EDX
spectrum of the GNP patterns, indicating the occurrence of

Figure 6. Contact mode AFM images and respective vertical distances in the height profile of the PAA-patterned PFA substrate (a), PDDA
monolayer (b), (GNPs/PDDA)1 (c), PDDA/(GNPs/PDDA)1 (d), (GNPs/PDDA)2 (e), PDDA/(GNPs/PDDA)2 (f), (GNPs/PDDA)3 (g), and
(GNPs/PDDA)14 layers (h) deposited on the PAA-patterned PFA substrate.

Figure 7. FE-SEM image of (GNPs/PDDA)14-deposited PAA-
patterned PFA substrate and its corresponding EDX spectra ((b)
and (c)) of the rectangles in (a). The inset of (a) shows the 3D surface
profile of the (GNPs/PDDA)14 layers-deposited PAA patterns.
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layer-by-layer deposition of GNPs and PDDA on the PAA
regions of the PAA-patterned PFA substrate. Therefore, the
layer-by-layer deposition of GNPs and PDDA had successfully
occurred only on the PAA regions separated by bare PFA
regions, thus resulting in the formation of well-organized 100
μm GNP patterns.
To investigate the electronic properties of the GNP patterns

with different layers of GNPs and PDDA ((GNPs/PDDA)n),
the I−V curves were recorded by applying a DC bias across the
patterns with a top contact, and the results are presented in
Figure 8. As shown in Figure 8a, all GNP patterns except the
lower four layers of GNPs and PDDA ((GNPs/PDDA)1−4)
exhibited linear I−V behaviors, indicating the metallic property
of the patterns and the ohmic contact between the GNP
patterns and the Ag electrodes.45,46 Furthermore, the electrical
resistivity of the GNP patterns was calculated using the slope of
the I−V curves, and the known dimensions of the respective
GNP patterns, as presented in Scheme S1 of the Supporting
Information. As shown in Figure 8b, the electrical resistivity of
the GNP patterns was reduced to 5.03 × 10−5 Ω cm with
increasing numbers of GNPs and PDDA layers. However, the
electrical resistivity of the GNP patterns exhibited a saturation
tendency above seven layers (Table S1, Supporting Informa-
tion).

■ CONCLUSIONS
In this research, the patterning of GNPs on a PFA substrate via
ion implantation-induced patterned surface grafting and layer-
by-layer deposition was demonstrated. PAA-patterned PFA
substrates were prepared by selective surface grafting of acrylic
acid onto the implanted regions of the PFA surface. The
fluence, monomer concentration, and reaction time for the
optimal surface grafting in this study were 1 × 1015 ions/cm2,
40 vol%, and 12 h, respectively. GNPs and PDDA were
selectively deposited onto the PAA regions separated by bare
PFA regions on the PAA-patterned PFA substrates, resulting
well-organized 100 μm GNP patterns. On the basis of the I−V
curves, the formed GNP patterns exhibited a linear I−V
behavior, and their electrical resistivity was reduced to 5.03 ×
10−5 Ω cm with increasing numbers of GNPs and PDDA layers.
This technique can be applied to prepare patterned arrays of
various metal nanoparticles, which are crucial for electrical and
biological applications.
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